ABSTRACT In mammals, the AMP-activated protein kinase (AMPK) pathways in the central and peripheral tissues coordinately integrate inputs from multiple sources to regulate energy balance. To investigate the effects of the fatty liver hemorrhagic syndrome (FLHS) caused by high-energy, low-protein diets and to explore the potential role of AMPK in the energy homeostasis of FLHS, 60 laying hens were equally divided into 2 groups: control group (basal diet) and experimental group (high-energy, low-protein diet). Liver tissues were subjected to histopathological analysis. Liver tissues were also collected on the 100th day to determine the levels of total cholesterol, triglyceride (TG), high-density lipoprotein cholesterol (HDL-Ch), low-density lipoprotein cholesterol (LDL-Ch), aspartate aminotransferase, and alanine aminotransferase in plasma. Additionally, the mRNA expression levels of AMPK signaling pathway related genes in liver were determined by quantitative RT-PCR. The results showed that histopathological lesions presented different degrees of lipid vacuolization in hepatocytes. In combination with hematoxylin and eosin and oil red O staining, the experimental group was divided into mild group and severe group. In the severe group, contents of TG and LDL-Ch were extremely significantly increased (P < 0.01) compared to the control group, and HDL-Ch content was extremely significantly decreased (P < 0.01). The serine-threonine kinase 11 and AMPKα1 mRNA expression levels were downregulated, while acetyl-CoA carboxylase, fatty acid synthase, hepatocyte nuclear factor-4α, 3-hydroxy-3-methyl glutaryl coenzyme A reductase and carnitine palmitoyltransferase-I mRNA expression levels were upregulated by a high-energy and low-protein diet. Taken together, these findings suggest that a functional AMPK signaling pathway exists in chickens and AMPK may alter the energy balance in the FLHS induced by high-energy, low-protein diets.
INTRODUCTION
Fatty liver hemorrhagic syndrome (FLHS) is a metabolic disease characterized by lipid metabolism disorder in the liver of birds, and the syndrome of FLHS can be characterized by fatty degeneration and hemorrhage in the liver (Butler, 1976; Jensen et al., 1976) . FLHS usually occurs in laying hens, especially the high-egg-laying-rate caged laying hens in good body condition, causing egg production losses, and very large losses to the poultry industry (Wolford and Polin, 1972; Neuschwander-Tetri, 2007) . FLHS in laying hens is usually caused by diverse nutritional and metabolic factors, and environmental, hormonal, and genetic factors were also reported to be the cause of FLHS in poultry C 2019 Poultry Science Association Inc. Received January 11, 2018. Accepted December 12, 2018. 1 Corresponding author: xqguo20720@aliyun.com 2 These authors contributed equally to this work. (Hansen and Walzem, 1993; Cherian et al., 2002) . While the factors were multifactorial, the pathogenesis of FLHS remains to be fully elucidated and the nutritional factor is regarded as an important cause of FLHS.
AMPK is conserved as a "metabolic master switch", which plays a pivotal role in animal energy homeostasis by coordinately regulating energy-consuming and energy-generating metabolic pathways (Hardie, 2007; Mirouse et al., 2007) . AMPK, a serine/threonine kinase, is a heterotrimeric protein (Stapleton et al., 1994) , which can be activated by physiological stimuli such as exercise and nutrient deprivation and pathological stress situations, including prolonged starvation, ischemia-reperfusion injury, and chronic alcohol consumption via increasing the intracellular AMP/ATP ratio (Peralta et al., 2001; Assifi et al., 2005) . Additionally, AMPK can be activated by threonine (Thr172) phosphorylation of the alpha subunit in response to AMPK upstream kinases, such as Serine-Threonine Kinase 11 (LKB1) (Hawley et al., 1996) . Once activated, 2201 the classic effect of AMPK is to phosphorylate and inactivate acetyl-CoA carboxylase (ACC), resulting in a decrease in malony-CoA, thus relieving inhibition of carnitine palmitoyltransferase-I (CPT1) entry into mitochondria for β-oxidation (Rutter et al., 2003) . Meanwhile, activated AMPK can inhibit fatty acid and cholesterol synthesis in the liver as a result of phosphorylation of ACC, HMG-CoA reductase (HMGR), and fatty acid synthase (FAS) (Blanco Martinez de Morentin et al., 2011) . Moreover, AMPK acts not only through direct phosphorylation of metabolic enzymes but also through effects on gene expression via several important transcription factors, including HNF4α and peroxisome proliferator-activated receptor-α (PPARα) (Hong et al., 2003; Bronner et al., 2004) .
Mounting evidences suggest that AMPK plays an essential role in fatty acid and cholesterol metabolism, and it has a relationship with nonalcoholic fatty liver in humans and mice (von Loeffelholz et al., 2016; Tan et al., 2017) . However, the relationship between the AMPK pathway and FLHS caused by high-energy, lowprotein diets remains unclear. The aim of the present study was to investigate the effects of the FLHS caused by high-energy, low-protein diets, to identify and characterize the AMPK signaling pathway in chickens. Moreover, the role of AMPK may alter the energy balance in high-energy, low-protein diets induced FLHS was investigated.
MATERIALS AND METHODS

Animals and Treatments
Laying hens aged 90 d were purchased from a local farm. All laying hens were acclimatized for 30 d under favorable habitat and were provided with basal diet and water ad libitum before the experiment began. All animals were maintained at a controlled room temperature and lighting according to commercial conditions. Sixty laying hens weighing approximately 1.5 to 2 kg were equally divided into 2 groups: the control group (basal diet) and experimental group (high-energy, low-protein diets). The basal diet was formulated according to the National Research Council (1994) . The composition of the diets for laying hens is shown in Table 1 . The experiment lasted for 100 d. The study was approved by Jiangxi Agricultural University and laying hens used in this study were handled and treated in accordance with the strict guiding principles of the National Institutions of Health for the experimental care and use of animals.
Sample Collection
At the end of the experiment, all hens from each group were sacrificed by cervical dislocation. Blood samples were collected from the brachial vein. Each blood sample was placed in a tube containing hep- arin, centrifuged at 2,000× g at 4
• C for 10 min and then stored at -20
• C until analyzed. Plasma samples were collected for the measurement of indicators of liver function. Liver tissues were collected and immediately transferred to liquid nitrogen and then stored at -80
• C. In addition, 10 g of the liver tissue specimen was fixed in formalin for pathological analysis, and 0.5 cm 3 of liver tissue was embedded in a package with OTC.
Determination of Plasma Biochemical Values
Plasma total cholesterol (TC), triglyceride (TG), high-density lipoprotein cholesterol (HDL-Ch), and low-density lipoprotein cholesterol (LDL-Ch) levels, as well as liver damage index (aspartate aminotransferase (AST) and alanine aminotransferase (ALT) values, were measured using an automatic biochemical analyzer.
Histological Observation
The liver tissue specimens were washed with normal saline and then fixed in formalin. After 1 wk, formalin-fixed samples were routinely processed, and embedded in paraffin. Then, the tissue was sliced into thin sections (5 μm), and stained with hematoxylin and eosin (H&E). Afterward, pathological sections were observed using an optical microscope and photographs were taken. Liver sections were examined for steatosis using oil red O and H&E staining.
For cryo-section cutting, fixed samples were embedded in OCT in frozen, and then sectioned at 10 μm; all operations were carried out under frozen conditions. After that, samples were stained with oil red O, differentiated with isopropanol, washed with distilled water, and stained with hematoxylin, and photographs were taken. Combined with H&E and oil red O staining, the experimental group was divided into a mild group and a severe group. 
Determination of Lipid Metabolism Related Indexes in Liver
The TG, TC, HDL-Ch, LDL-Ch, and NEFA (nonestesterified fatty acid) levels of liver tissue homogenate were assayed using commercial kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) according to the manufacturer's instructions.
RNA Isolation and Primer Designing
Total RNA was purified from liver samples using Trizol reagent (Takara, Dalian, China) according to the manufacturer's instructions and then dissolved in 20 μL of sterile diethyl pyrocarbonate-treated water and stored at -80
• C. The quality and quantity of the RNA were determined by agarose gel electrophoresis and using a biophotometer (Eppendorf, Germany). RNA was reverse transcribed into complementary DNA using a Trans Script First-strand cDNA Synthesis kit (Takara, Dalian, China). Reverse transcription (RT) reactions (20 μL) consisted of the following: 2 μL of 5× DNA Eraser Buffer, 1 μL of gDNA Eraser, 1 μL of total RNA, and 6 μL of RNase-free dH2O, incubated for 2 min in 42
• C. Then, 4 μL of 5× Prime Script Buffer 2, 1 μL of Prime Script RT Enzyme Mix I, 1 μL of RT Primer Mix, and 4 μL of RNase-free dH 2 O were added to the reaction solution, and the reaction was run at 37
• C for 15 min, 85
• C for 5 s, and 4
• C for 10 min. The cDNA was stored at −20
• C for real-time PCR. Primers for the amplification of AMPK, ACC, LKB1, CPT1, and FAS were designed using Primer software (PREMIER Biosoft International, CA, USA). The primer sequences are shown in Table 2 . The GAPDH housekeeping gene was used as an internal reference.
Reverse Transcription Polymerase Chain Reaction
Real-time PCR was carried out using Quant Studio 7 Flex System according to the instruction of Premix EX TapTM II SYBR q-PCR Kit. The PCR system included 5 μL of SYBR Premix Ex Tap II (2×), 0.4 μL of 10 pmol/ml upstream and downstream primers, 0.2 μL of ROX referencing dye (50×), 1 μL of cDNA templates, and 3 μL of water. The program used for the amplification of the genes consisted of a denaturation step at 95
• C for 30 s, followed by 40 cycles of 95 • C for 10 s, 60
• C for 30 s, and extension at 72
• C for 30 s. At the end of the PCRs, melt curve analyses were performed for all genes. Amplification curves and melt curves were analyzed with the Quant Studio 7 Flex System, and for each PCR system, Ct values were obtained. The method of 2
− Ct was used to analyze the real-time RT-PCR data.
Statistical Analysis
The results were expressed as the mean ± standard error mean. All data were analyzed employing one-way ANOVA. The statistical analysis included Student's test, Graph Pad Prism 5.0 (Graph Pad Inc., La Jolla, CA, USA), and SPSS version 17.0 (SPSS Inc, Chicago. IL, USA). A P value of less than 0.05 was considered significant and a value less than 0.01 was considered extremely significant.
RESULTS
Histopathology Observation of Liver
The results of pathological observation are shown in Figure 1 . As H&E staining and oil red O staining showed, the structure of hepatocytes was normal, and the structure of hepatic cords and hepatic sinusoid were normal in the control group (Figure 1a) . Compared to the control group, there were different degrees of pathological changes in the experimental group. The hepatocyte cytoplasmic vacuoles were graded and scored as described by Trott et al. (2014) as follows: 0-no to very rare vacuolization, 1-less than 50% of hepatocytes containing vacuoles of any size, and 2-50% or greater hepatocytes containing variably sized vacuoles or diffuse vacuolization with small vacuoles. The experimental group was divided into a mild group and a severe group. In the wild group, the structure of hepatocytes was clear and the hepatic cords and hepatic sinusoid can be observed, but there was mild steatosis and lipid vacuolization inside in hepatocytes (Figure 1b) . The membrane of hepatic cells was vague, the cells were swollen, and the structure of the hepatic cords and the hepatic leaflets disappeared in the severe group (Figure 1c) .
Oil red O staining showed that the structure of hepatocytes was normal, and there were little drops of fat scattered in every corner of the field of vision in the control group (Figure 1d) . The nucleus was located in the center of the cell, mild fatty lesions were found in the cytoplasm of hepatocytes, and no inflammatory cell infiltration was seen in the wild group (Figure 1e ). In comparison, the lipid droplets were attached to the cytoplasm of hepatocytes under the light microscope and most of the hepatocytes showed obvious fat droplet staining in the severe group (Figure 1f) .
Determination of Plasma Biochemical Values
The results of AST and ALT activities are shown in Figure 2 . As shown in Figure 2a , compared to the control group, the AST activity was found to be significantly higher in the wild group (P < 0.05), and extremely significantly higher (P < 0.01) in the severe group. The ALT activity was found to be extremely significantly higher (P < 0.01) in the severe group compared to the control group and the wild group ( Figure 2b) .
As shown in Figure 3 , the TG content increased extremely significantly (P < 0.01) in the severe group compared to the control group and the wild group. The TG content increased extremely significantly (P < 0.01) in the severe group and wild group compared to the control group, and increased significantly (P < 0.05) in the severe group compared to the wild group. Meanwhile, the result of plasma LDL-Ch content was found to be extremely significantly higher (P < 0.01) in the severe group compared with the control group and wild group. Moreover, the plasma HDL-Ch content decreased extremely significantly (P < 0.01) in the severe group and wild group compared to the control group.
Determination of Lipid Metabolism Related Indexes of Liver
The results of the lipid metabolism related to in liver tissue homogenate are shown in Figure  4 . As shown in Figure 4a , the content of NEFA in the liver was extremely significantly decreased (P < 0.01) in the severe group compared with the control group and wild group. Moreover, the TC content increased extremely significantly (P < 0.01) in the severe group compared to the control group, and increased significantly (P < 0.05) compared to the wild group (Figure 4b) . The results of TG and LDL-Ch contents are shown in Figure 4c and d. In the severe group, contents of TG content and LDL-Ch were extremely significantly higher (P < 0.01) than that in the control group and wild group, while there was no significant difference (P > 0.05) between the wild group and control group. Furthermore, the change in the HDL-Ch content in the severe group was extremely significantly declined (P < 0.01) compared to the control group and wild group (Figure 4e) . . Plasma AST and ALT activity. With the same small letter superscripts, no significant difference (P > 0.05); with different small letter superscripts, significant difference (P < 0.05); and with different capital letter superscripts, extremely significant difference (P < 0.01). The same as below. 
Results of Lipid-related Gene Expression in the Liver
The mRNA levels of AMPKα1 in the liver in the severe group were significantly decreased (P < 0.05) compared to the control group, while there was no significant difference (P > 0.05) between the wild group and the control group (Figure 5a ). As shown in Figure 5b , the level of LKB1 gene was extremely significantly decreased (P < 0.01) in the severe group compared to the control group. In addition, in the wild group, the LKB1 gene expression was significantly decreased (P < 0.05) compared to the control group. Additionally, the expression of ACC, HMGR, and HNF4α in the severe group was significantly higher than that in the control group (P < 0.01 or P < 0.05, Figure 6a-d) . Moreover, the expression of CPT1 gene in the severe group was significantly decreased (P < 0.05) compared to the control group and wild group.
DISCUSSION
FLHS is a chronic condition associated with excess energy, which is frequently seen in chickens, especially in laying hens. In contrast to mammals, the liver in birds is responsible for the majority of lipogenesis, and dietary fat in birds is directly transported to the liver by the portal vein. Excess fat accumulation in the cytoplasm of hepatocytes may lead to liver histological changes. The earlier results indicated that the highenergy and low-protein diets successfully induced FLHS in laying hens (Guo et al., 2012) . In addition, in this study, we successfully established the model of FLHS using high-energy, low-protein diets.
As 2 important transaminases in hepatocytes, AST and ALT could be released from the cytolymph when the hepatocyte has been destroyed (Sun et al., 2015) . In the present study, higher plasma ALT activity was found in the severe group than that in the control group, and plasma AST activity was increased with the same trend. Rozenboim found that plasma ALP and AST were significantly higher in young hens fed low-protein, high-energy diets compared to the control diet (Rozenboim et al., 2016) . Under physiological conditions, it is reported that the endogenous lipid metabolism in the liver was primarily achieved by lipogenesis, the export of lipids, and the synthesis and oxidation of fatty acids (Griffin et al., 1992) , and these are crucial steps for controlling TG accumulation in the liver (Kersten, 2001; Yang et al., 2010) . The hallmark of hepatic steatosis is TG accumulation in the cytoplasm of hepatocytes and may lead to additional histological changes. Mice with hepatic steatosis were characterized by increasing TG concentrations and morphological changes in the liver. In this study, the plasma and liver TG, TC, NEFA, and LDL-Ch contents increased in the severe group and wild group, which indicated the excessive fat accumulation in the liver. Consistent with our results, Yamazaki found that mice with hepatic steatosis were characterized by increasing TG and TC concentrations and morphological changes in the liver (Yamazaki et al., 2008) . Aman reported an increase in circulating NEFA levels suggesting enhanced adipose tissue lipolysis (Yaman et al., 2000) .
AMPK, as a metabolic master switch, has been verified to suppress the hepatic glucose production and lipogenic process (Winder and Hardie, 1999; Steinberg and Kemp, 2009) . In this study, the AMPKα1 gene expression was significantly decreased in the severe group compared with control group. Thus, the data indicate that the decrease of AMPKα1 in the liver is closely associated with FLHS. Liu found that high fat exposure significantly decreased AMPK gene expression (Liu et al., 2006 ). Jorgensen's study demonstrated that knockout of α2 subunit diminished AMPK activities to very low levels in mice muscles (Jorgensen et al., 2004) . In the liver, FLHS induced a significant decrease in the levels of AMPKα1 mRNA. Thus, the data indicate that the decrease of AMPKα1 in the liver is closely associated with FLHS.
AMPK activity is regulated mainly via LKB1 in chickens (Proszkowiec-Weglarz et al., 2006) . The results of our study showed that the mRNA level of LKB1 was significantly decreased in the experimental group compared with control group. Thus, changes in LKB1 protein are closely associated with parallel alterations in AMPK. The major biological effect of AMPK is to regulate intracellular fatty acid oxidation via phosphorylating and inactivating ACC (Kahn et al., 2005) . Thus, ACC might act as a downstream factor in the possible AMPK-mediated mechanism underlying high-fatinduced insulin resistance. ACC is the key regulator of intracellular FAS production and the phosphorylation state is its inactive form (Friedrichsen et al., 2013 ). The reduced P-ACC levels would unavoidably lead to enhanced ACC activity, increased FAS contents, impaired intracellular fatty acid oxidation, and, accordingly, insulin resistance (Lin and Hardie, 2018) . Regarded as a master regulator of lipogenesis, PPAR has been linked to the β-oxidation activity of fatty acids, and upregulation of PPAR could downregulate cellular TG levels, whereas its suppression often results in hyperlipidemia. In the present study, the mRNA expression of ACC, FAS, HNF4α, and PPARα were significantly regulated by FLHS, which implied that FLHS induced the activity of fatty acid biosynthesis in the liver. Moreover, the mRNA expression of CPT1 was significantly downregulated, which meant that the fatty acid β-oxidation was inhabited. These results indicated that with aggravation of FLHS, fat accumulation mainly increased due to adipose tissue lipogenic gene expression and decreased lipolytic gene expression. Consistent with our results, Liu found that high-fat feeding impaired both the expression and activities of AMPK and its downstream factors (ACC and PPAR), thus indicating a possible role of AMPKα in lipotoxicity (Liu et al., 2017) .
In conclusion, our present study demonstrated that the AMPK signaling pathway might be involved in the FLHS induced by high energy and low protein. With the decline of AMPK mRNA expression, the mRNA expression of ACC, FAS, HMGR, and HNF4α increased and the mRNA expression of CPT1 decreased, the liver fatty acid catabolism was enhanced and the fatty acid anabolism was restrained.
